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In this study all the data needed to describe water transport (drying) within an existing concrete structure
were characterized using a simple drying experiment. The properties (desorption isotherm, porosity and the
unsaturated water transport properties namely, diffusivity and permeability) were evaluated by post-
processing the weight loss data. Once obtained, the permeability evolution was used to check the validity of
the Mualem–van Genuchten equations. It appeared that the default pore-interaction factor value proposed by
Mualem (p=+0.5) is just a rough estimate: the values obtained in this study were all negative. Comparing
these values to the literature, the pore-interaction factor seems to be correlated to the van Genuchten's
exponent m.
l rights reserved.
© 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Water plays a very important role in the durability of concrete
structures. For example, the well-known results of Tuutti [36] show
that for a carbonated concrete the corrosion current is maximal for a
Relative Humidity (RH) of about 95% and then drastically decreases
with RH. In fact water significantly impacts reinforced concrete
durability through many different ways:

• the concrete mechanical properties and delayed deformations
(drying shrinkage, creep) are greatly influenced by water content
which may lead to cracking;

• the transfer properties are greatly influenced by the moisture
content;

• for pathologies involving in solution chemical reactions (such as
carbonation or reinforcement corrosion), water is the reaction
medium; the less free water, the less the probability of occurrence of
the involved chemical reactions.

The durability assessment of concrete structures in relation to
their environment thus requires an accurate description of the water
transfer all along their service life. This is commonly achieved in a
simplified way using a single equation which accounts for liquid
water transport driven by pressure gradients only. The other motions
(diffusion and gaseous permeation) are neglected. This was proven to
be true for low-permeability cementitious materials [25,34,35]. The
water mass flow can be described using the well known Darcy's law
extended to unsaturated flow [29]:

j
w
= −ρK

kr
η
grad Pð Þ; ð1Þ

where P is the liquid water pressure (Pa); η and ρ are the water
viscosity (Pa s) and density (kg/m3); K is the intrinsic permeability to
water (m2), it characterizes the resistance of the saturated concrete to
water flow under a pressure gradient; and kr is the relative
permeability to water (without unit), it ranges between 0 (dry
state) and 1 (saturated state) and describes the influence of water
content on the porous network percolation.

The equation of continuity (water mass conservation) writes:

∂
∂t ρϕSð Þ = −div −j

w
Þ;

�
ð2Þ

where S is the saturation index (fraction of the pore volume occupied
by water, without unit), it ranges between 0 (dry state) and 1
(saturated state) and ϕ is the concrete porosity (without unit).

In isothermal conditions, assuming that water is incompressible
and that a derivable relation between concrete saturation S and water
pressure P exists (this relation is known as the capillary curve), one
can obtain two simple equations depending on the choice of the
unknown variable (water pressure P or saturation S) [25,10]:

ϕ
∂S
∂P

� � ∂P
∂t = div K

kr
η
grad Pð Þ

� �
; ð3Þ
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Fig. 1. Sample relative mass variation vs. time (oven-drying at 105 °C is not reported).
Each open circle corresponds to an experimental value (sample); the solid lines
represent the average, minimal and maximal values respectively.
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∂S
∂t = div D Sð Þgrad Sð Þ½ �; ð4Þ

where D is the water and diffusivity (m2/s). In Eq. (3) the term
∂S
∂P

� �

can be rewritten as
∂S
∂P

� �
=

∂S
∂h

� � ∂h
∂P

� �
, where

∂h
∂P

� �
= −PM

ρRT
exp

− PM
ρRT

� �
is the derivative of the reciprocal Laplace law and

∂S
∂h

� �
is

the derivative of the desorption isotherm. The description of water
transport within concrete using the diffusion Eq. (4) thus requires the
knowledge of only one physical property: the moisture diffusivity D,
whereas using Eq. (3) requires four of them: the porosity to water ϕ;
the sorption isotherm S=S(h); the intrinsic permeability to water K
and the relative permeability to water kr.

The porosity to water can be easily and quickly characterized by
complete drying (for example at 105 °C), yet the other properties are
more difficult to acquire. The sorption isotherm describes the concrete
water content at equilibrium with any arbitrary external RH. It can be
obtained by submitting concrete samples to different RHs (in
isothermal conditions) and waiting for equilibrium [5]. This is a
very long process which also requires frequent weighing (to check
equilibrium). The water transport properties (intrinsic permeability
and diffusivity) can be directly measured: for instance using water
permeametry and cup-method tests for permeability and diffusivity
respectively [6]. Such direct measurements are however known to
yield too-high values (by a few orders of magnitude) which lead to
drying kinetics overestimation. They are then usually estimated
through an inverse analysis using Eqs. (3–4) and experimental sample
mass loss [5,25,10]. In so doing, the relative permeability to water kr is
always estimated using the model derived by Mualem [28] and the
consistent set of equations proposed by van Genuchten [37,38].

The model proposed by Mualem [28] creates a link between the
retention curve and the relative permeability to water kr. It is based on
the description of the interconnected-pores distribution of porous
materials: when the retention curve is known, Mualem's model
allows estimating kr in a simple integral form. After that, van
Genuchten [37] proposed a simple equation to describe the retention
curve which once introduced into Mualem's model yields another
simple analytical equation for the relative permeability kr:

S = 1 + P=P0ð Þ
1

1−m

� �−m

kr = Sp 1− 1−S
1
m

� �m� �2

8>>><
>>>:

ð5Þ

where P is the water pressure; m and P0 are two positive parameters
and (P0 is equivalent to a pressure). The pore-interaction factor p is a
constant which describes the effect of pore discontinuity and
tortuosity; it is taken equal to +0.5 by default. Note that the m
parameter is the same in the two equations. Mualem's model together
with the equations of van Genuchten were initially developed for soils
but they were applied for the first time to cementitious materials by
Savage and Janssen [30] who concluded that they were successful in
reproducing the experimental mass loss curves of hardened cement
pastes. Yet the authors do not give any information about the
Table 1
Saturated salt solutions used and resulting RHs [9,32,41,16,8].

Salt used formula RH

Potassium nitrate KNO3 93%
Potassium bromide KBr 81%
Sodium bromide NaBr 59%
Magnesium chloride MgCl2 6H20 33%
Lithium chloride LiCl 11%
predictive ability of the relative permeability to water of the Mualem–

van Genuchten model. Recently Leech et al. [24] studied the sorptivity
of three different concretes (w/c=0.40; 0.55 and 0.62) using Nuclear
Magnetic Resonance (NMR): they showed that Mualem–van Gen-
uchten model adequately predicts the Boltzmann profile for each
sample as far as the pore-interaction factor p is fitted together with
the intrinsic permeability. The resulting values varied between −0.2
and −1.2 which led the authors to propose p=−0.5 as a default
value.

In fact in soil science, the pore-interaction factor p is known to
depend on the considered material: for instance Mualem [28]
analyzed the hydraulic properties of 45 soils. He noted that p could
be either positive or negative and proposed +0.5 as a universal
default value. Later Wösten and van Genuchten [40], working on 20
different soils, obtained values ranging from−16.0 to+2.2. They also
showed that in some cases (medium and fine-textured soils) using
p=+0.5 did result in unacceptable fits. Schuh and Cline [31] in a
similar approach showed great variability (from −8.7 to +14.8): the
geometric mean was however found to be close to Mualem's
proposition (+0.6). Unfortunately no trend relationship between
the pore-interaction factor p and the van Genuchten parameters
(namelym, n and P0 in Eq. (9) could be found. Using a 200-soil data set
Kosugi [22] obtained the same kind of results (from −14.0 to +14.0
with 71% of the values being negative) and eventually proposed
−0.5 or −0.8 as a default value (depending on the optimization
procedure).

In the field of cement-based materials p=+0.5 has been used so
far. Beyond the results obtained by Leech et al. [24] (p=−0.5),
Monlouis-Bonnaire et al. [27] andWardeh and Perrin [39] proposed to
use p=+5.5 on the basis of relative gas permeability measurements
using an ordinary concrete (w/c=0.48) preconditioned at 50 °C. It
appears clearly that results are lacking and further studies are needed
to clarify the value of the pore-interaction factor p for cementitious
materials. In this study, the unsaturated water transport properties of
a concrete taken from an existing structure were characterized: the
results were then used to check the predictive capacity of the
Mualem–van Genuchten model and to estimate the concrete pore-
interaction factor p.

2. Experimental campaign

The considered structure is a wind-tunnel1 built in the early 30s
but the zone of interest was added during the 50s. The concrete
composition is not known, yet it is an ordinary concrete based on CEM
II cement (clinker+carbonate filler) which is believed to be
1 Wind-tunnel S1Ch, ONERA (aerospace research, http://www.onera.fr), Meudon,
France.

http://www.onera.fr
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Fig. 2. Presentation of the concrete desorption isotherm: the open circles represent the
experimental results obtained using the saturated salt solution method at 20 °C
(concrete cylinders) whereas the triangles represent the results obtained using the
commercial sorption balance at 25 °C (powdered concrete).
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representative of everyday concrete of the 50s. Since the wind-tunnel
is a historical monument, only a limited number of samples could be
extracted by coring (40 mm diameter and ~60 mmheight). Among all
of them, only 15 could be used for this study. Both ends were sawn
and removed (about 5–10 mm). This was not done to obtain
noncarbonated samples but to remove potentially cracked sample
parts. After a fifty-year exposure to the atmosphere, the samples were
believed to present a several centimeter deep carbonated zone. The
samples were then kept underwater for one month to have them
saturated (the initial saturation was verified using vacuum resatura-
tion which showed no water uptake).

Due to the small number of samples and the variability expected
on a field concrete from a real structure, a unique sample set was
considered (including all the samples). Variability could be observed
on the samples through the difference in the presence and number of
entrapped air bubbles. Moreover two samples (which were dis-
carded) presented massive honeycombing (voids due to the absence
of mortar between aggregates).The initially saturated samples were
put in a closed chamber in which the RH was regulated using
saturated salt solutions [9,32,41,16,8]. Periodically the chamber was
opened and the samples were weighed. In order to monitor the
samples drying kinetics the indicator ε was calculated as follows:

ε =

m
m

� �
∞
− m

m

� �
t

����
����

m
m

� �
∞

ð6Þ

where
m
m

� �
t
is the relativemass variation at the time t and

m
m

� �
∞
is the

relative mass variation at equilibrium. The latter was estimated by
fitting the following simple exponential formula to the experimental
mass variations:

m
m

� �
t
=

m
m

� �
∞

1− exp − t
τ

� �� �
: ð7Þ

Note that this simple formula corresponds to the analytical
solution of the diffusion equation within a solid cylinder [11] using
only one term (as suggested by [33]). When the error estimator εwas
strictly less than 5% for all the samples, a lower RH was imposed using
another saturated salt solution. This criterion appeared afterwards not
to be strict enough: the samples were more or less out of equilibrium
at the end of each RH-step. This point is addressed in Section 3.2

The different salts used and the resulting RHs are given in Table 1.
A special attention was paid to RH regulation: a thermo-hygrometer
Table 2
Density, porosity and water content at saturation.

Sample Saturated density ds Porosity ϕ Water content at saturation wsat

1 2.330 17.1% 7.90%
2 2.345 13.9% 6.32%
3 2.370 14.0% 6.27%
4 2.394 12.6% 5.57%
5 2.349 15.7% 7.16%
6 2.354 15.4% 7.88%
7 2.294 16.8% 7.14%
8 2.346 15.6% 6.43%
9 2.308 16.2% 6.14%
10 2.351 14.2% 5.99%
11 2.366 13.7% 6.96%
12 2.381 13.5% 6.22%
13 2.324 15.1% 6.55%
14 2.363 13.8% 6.48%
15 2.356 14.5% 6.68%
Average 2.354 14.7% 6.58%
Std dev. 0.025 1.2% 0.67%
COV 1% 8% 10%
was inserted in the chamber to check RH and a pump was added to
ensure air circulation and RH homogeneity within the chamber.

The experiments were conducted in an air-conditioned room at
20±1.5 °C for more than 600 days. No preventive action was
undertaken to prevent carbonation since the samples were believed
to be at least partially carbonated (after a 50-year exposure to the
atmosphere) and because of their low specific surface area (carbon-
ation would then affect only a small part of the total volume).

The mass loss at equilibrium (with the RH controlled by the
saturated solution) was expected to yield the desorption isotherm.
The total porosity was estimated by complete drying at 105 °C as an
ultimate step in the desorption process. The water transport
properties were then evaluated by processing the experimental
mass loss as already proposed by many authors [12,33,14,1].
3. Results

3.1. Relative mass variation

Fig. 1 presents the relative mass variation of the samples over the
whole experiment duration (nearly two years). The open circles
represent the experimental data for each sample, whereas the solid
lines stand for the average, minimal and maximal values. The oven-
drying at 105 °C is not reported. The porosity values obtained are
reported in Table 2. They appeared to vary in the range 12.6% to 17.1%
with an average value equal to 14.8%.
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First one can note the important scatter; this justifies the choice of
the unique sample set. In addition, it can also be observed that the
relative mass variation at the end of each RH-step is not constant: the
time elapsed on each step was not enough to achieve full equilibrium.
Waiting for equilibrium would have been much too long and then
impracticable. However, it is not believed to impact the validity of the
results obtained, this point is discussed below.

3.2. Desorption isotherm

Since the samples were not at equilibrium at the end of each RH-
step, the relative mass variation at equilibrium was estimated using
an inverse analytical analysis of the results as already described by
Tada and Watanabe [33] for a sphere. In our case the samples were
assumed to be infinite solid cylinders (finite radius R and infinite
height) for which water transport is everywhere radial: the
contribution of the sample ends was then neglected. The water
transport was described using the diffusion Eq. (4) and the moisture
diffusivity was assumed to be constant over the RH-step. The samples
were assumed to be initially at equilibrium with the previous step RH
(that is to say uniform initial water concentration). At t=0 another
RH (h) was prescribed uniformly all over the cylinder external surface
(uniform boundary condition). It was also assumed that it remained
constant over time. The theoretical resulting relative mass loss is then
analytically given by the following relation [11]:

m
m

� �
h; tð Þ = m

m

� �
h;∞ð Þ 1− ∑

∞

n=1

4
R2α2

n
exp −Dcα

2
nt

� �� �
; ð8Þ

where the αns are the positive roots of the equation J0(Rαn)=0 (J0 is
the Bessel function of the first kind of order zero); R is the cylinder
radius and Dc is the (constant) moisture diffusivity for the considered

RH-step. The relative mass loss
m
m

� �
h;∞ð Þ at equilibrium with the

relative humidity h was the one which gave the best fit of the
experimental results using Eq. (8). For each sample the water content
w (by mass) or the saturation S at equilibrium was computed using
the following relations:

w hð Þ = ds
ds−ϕ

ϕ
ds

+
Δm
m

� �
h;∞ð Þ

� �
S hð Þ = w

wsat
= 1 +

ds
ϕ

Δm
m

� �
h;∞ð Þ;

ð9Þ
Fig. 4. Schematic description of the simulations carried out using the finite-element
code Cast3m for water diffusivity assessment.
where ds is the saturated sample specific gravity (ranging from 2.29 to
2.39) andws is the water content at saturation (ranging from 5.57% to
7.90%, see Table 2). The resulting desorption isotherm is depicted on
Fig. 2 in terms of water content: one can see a very important scatter
over the whole RH range as already observed in Fig. 1 (weight
variation). Moreover the isotherm exhibits an unusual shape when
compared to the reference results of Baroghel-Bouny et al. [5]: the
quick fall in saturation for high RH is followed by an almost linear
trend between 80% and 30% (with a low slope). The amount of water
retained at low RH is high with respect to that at saturation.

For verification purpose, a remaining concrete sample part (a
removed edge) was powdered and tested in a commercial sorption
balance.2 This device was previously used by Johannesson et al. [19,21]
and Anderberg and Wadsö [1] for cement-based materials and the
comparison with other usual techniques [20,2,13] was successful. The
resulting isotherm is depicted in Fig. 2 (solid triangles): note that due to
some differences in the experimental conditions (for the sorption
balance the test temperature was 25 °C; the sample was powdered
from a discarded part ofmore porous skin concrete and the powderwas
not dried at 105 °C to estimate its porosity) a perfect correspondence
cannot be expected and this result must be apprehended in a
qualitative manner. Yet the isotherms obtained using the saturated
salt solutions and the analytical solution (8) and the sorption balance
are in good agreement: this is believed by the authors to give
confidence in the method employed and the resulting isotherm.

In a recent study Hyvert [18] has characterized the impact of
carbonation of the desorption isotherm of a mortar. The results
obtained using a CEM II cement (clinker+10% carbonate filler) are
redrawn on Fig. 3 (the samples were carbonated at 20±2 °C and
RH=65±5% at 50% CO2). Hyvert found that carbonation has a great
influence: the desorption isotherm of the carbonated samples is very
different from the one obtained using the noncarbonated ones.
Moreover it can be seen that the resulting isotherm of the carbonated
samples is very similar to the one obtained in this study. It is then
believed that the desorption isotherm is representative of a
carbonated concrete. This is consistent with the fifty-year exposure
to the atmosphere of the concrete structure.
4. Diffusivity

The evaluation of the transport properties was done in a classical
way by comparing the experimental weight variations to the
theoretical description of water transport within the samples. The
2 Dynamic Vapor Sorption (DVS) from Surface Measurement Systems (SMS),
Alperton, United Kingdom (http://www.thesorptionsolution.com).

image of Fig.�5
http://www.thesorptionsolution.com


Table 4
van Genuchten parameters for each sample (m=1−1/n).

Sample van Genuchten parameters

P0 n m

1 2.579 1.254 0.203
2 4.038 1.278 0.217
3 2.280 1.248 0.198
4 3.718 1.286 0.223
5 2.464 1.229 0.186
6 2.131 1.279 0.218
7 2.102 1.315 0.240
8 6.331 1.319 0.242
9 4.016 1.327 0.246
10 2.565 1.331 0.249
11 6.832 1.329 0.248
12 12.763 1.470 0.320
13 11.235 1.443 0.307
14 2.658 1.230 0.187
15 1.653 1.214 0.176

Table 3
Parameters for the exponential water diffusivity.

Sample Water diffusivity

D0 [m2/s] α [−]

1 2.0e−12 4.127
2 8.1e−13 5.267
3 7.0e−13 4.789
4 1.9e−13 6.437
5 1.5e−12 3.497
6 3.0e−12 3.326
7 5.4e−13 5.913
8 4.4e−13 5.069
9 2.4e−13 5.704
10 4.6e−13 6.455
11 4.4e−13 4.999
12 7.4e−13 5.020
13 5.2e−13 5.121
14 9.2e−13 4.365
15 6.4e−13 5.516
Average 8.8e−13 5.040
Std dev. 7.5e−13 0.930
COV 86% 18%
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diffusion Eq. (4) was solved using the finite-element code Cast3m.3

The real geometry of each sample was described (that is to say the real
height); the effect of both sample ends was then accounted. The
simulations were carried out in axisymmetrical conditions (Fig. 4)
using 8-node quadrangles (quadratic elements). The samples were
initially saturated (S=1); at t=0 they were submitted to the
decreasing RH-steps (Table 1). The temperature was kept equal to
20 °C during the calculations.

The diffusivity was determined to yield the best description of the
experimental results. In practice, the diffusivity was assumed to be
constant on each RH-step, and the best value was estimated by
minimizing the quadratic difference between the measured and
computed relative weight variations.

The diffusivity evolution versus saturation of each sample is
presented on Fig. 5. As expected, the more the saturation the higher
the diffusivity. Note that this evolution could be efficiently described
using the classical exponential expression [26,17,12,23]:

D = D0 exp αSlð Þ = D0 exp α
w
ws

� �
; ð10Þ

where D0 is the dry concrete water diffusivity (m2/s) and α is a positive
coefficient which generally lies between 3 and 7 [17]; for instance
Denarié and Houst [12] found an average value of 4 for drying silica
fume mortars whereas Leech et al. [23] obtained 6 for a concrete using
Nuclear Magnetic Resonance and Boltzmann transformation of an
imbibition test. In this study the values of α lie between 3.3 and 6.5with
an average value equal to 5.0 (Table 3). These results are in good
accordance with previous observations [26,17,12,23]. The value of D0

lies within 1.9e−13 to 3.0e−12 with an average value equal to
8.8e−13 m2/s: it is lower than the values obtained by Denarié and
Houst [12] on silica fume mortars (by about one order of magnitude)
but higher than the one proposed by Mensi et al. [26] to describe
concrete drying (D0=1.04e−13 m2/s). These results are close to
D0=1.4e−12 m2/s obtained by Benboudjema et al. [7] on the results
of Granger [15] (Civaux B11). Once again the results present an
important scatter: the coefficient of variation COV (it is defined as the
ratio of the standard deviation to the mean value) of D0 is equal to 86%.

5. Permeability

Water permeability could be evaluated using the same approach as
diffusivity (inverse analysis based on the mass variations); yet since
this was already done for diffusivity it was preferred to deduce
permeability directly from diffusivity. Starting from Eq. (4), introduc-
ing the pressure P as the unknown and comparing to Eq. (3) one can
easily show that there exists a simple relation between diffusivity and
permeability [10]:

Kkr = ηϕ
∂S
∂P

� �
D: ð11Þ

Knowing for each sample the diffusivity evolution and the
desorption isotherm, the permeability evolution can then be easily
assessed. Practically, the three-parameter law proposed by van
Genuchten [37] (with the usual restriction m=1−1/n) was used
to describe the desorption isotherm:

S = 1 + P=P0ð Þn	 
−m
: ð12Þ

Table 4 recapitulates the values obtained for each sample.
3 http://www-cast3m.cea.fr/.
Differentiation of Eq. (9) leads to the derivative ∂S=∂Pð Þ written in
terms of pressure (top) or saturation (bottom):

∂S
∂P

� �
= − m

m−1ð ÞP0
P
P0

� � m

1−m 1 +
P
P0

� � 1

1−m

� �−1−m

= − m
m−1ð ÞP0

S
1 + 1

m S
−1=m−1

� �m

:

.
ð13Þ

Thus introducing Eqs. (10) and (13) into Eq. (11) allows an easy
and immediate assessment of the effective permeability (K×kr)
evolution versus saturation. Fig. 6 presents the results obtained (open
circles) using Eq. (11). One can note the important decrease of the
effective permeability with saturation (note the log-scale). Another
important fact to be highlighted is the absence of smoothed
experimental results close to saturation (typically for SN0.90). This
is due to the fact that for n greater than 1 the value of the derivative
∂S=∂Pð Þ at saturation is equal to zero [38]: all the affected (and then
irrelevant) points were then removed for clarity. In our case, using
Eq. (11) together with van Genuchten law does notmake it possible to
derive a direct estimation of the intrinsic water permeability K (i.e. the
effective permeability for S=1).
Average 4.491 1.303 0.231
Std dev. 3.411 0.073 0.041
COV 76% 6% 18%

http://www-cast3m.cea.fr/


Table 5
Intrinsic permeability K and pore-interaction factor p. The first approach consisted in
using the default value p=+0.5 whereas the second considered it as an unknown
value as well as the intrinsic permeability K.

Sample Intrinsic water permeability (m2)

First approach
(p=+0.5)

Second approach
(variable p)

p K p K

1 0.5 52.4e−21 −3.3 19.8e−21
2 0.5 26.1e−21 −2.5 10.3e−21
3 0.5 31.4e−21 −3.1 11.7e−21
4 0.5 15.8e−21 −1.9 6.2e−21
5 0.5 22.4e−21 −4.0 9.4e−21
6 0.5 33.5e−21 −3.5 14.9e−21
7 0.5 49.9e−21 −2.1 18.3e−21
8 0.5 6.4e−21 −2.2 2.7e−21
9 0.5 7.7e−21 −2.0 3.4e−21
10 0.5 47.0e−21 −1.8 16.2e−21
11 0.5 5.1e−21 −2.2 2.4e−21
12 0.5 2.5e−21 −1.5 1.3e−21
13 0.5 2.6e−21 −1.6 1.3e−21
14 0.5 23.9e−21 −3.6 10.3e−21
15 0.5 115.7e−21 −3.3 34.8e−21
Average 0.5 29.5e−21 −2.6 10.9e−21
Std dev. – 29.3e−21 +0.8 9.1e−21
COV – 100% 32% 84%
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Fig. 6. Water permeability as a function of saturation derived from diffusivity using
Eq. (8).
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Experiments

Mualem-van Genuchten (p=0.5)

Fig. 7. Assessment of the effective water permeability using the closed-form equation
proposed by van Genuchten [37] (using p=0.5). The deviation between the
measurements and the model reaches two orders of magnitude for low saturations.
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For this purpose, the equation derived by van Genuchten [37] on
the basis of the model proposed by Mualem [28] was used to fit the
effective permeability results (K×kr):

Ke Sð Þ = Kkr Sð Þ = KSp 1− 1−S
1
m

� �m� �2
: ð14Þ

This approach is commonly used for the evaluation of the
hydraulic properties of soils [38]. Following Mualem [28] the default
value p=+0.5 was used in a first approach. Note that for each
sample, them-parameter value was the one obtained for the isotherm
fitting using Eq. (12) and the intrinsic permeability K was chosen to
give the best fit (to minimize the deviation between the model and
the measurements).

One can see on Fig. 7 that the theoretical effective permeabilities
deviate from the measurements: the deviation increases when
saturation decreases to reach less than two orders of magnitude at
S=0.2. Moreover when S is greater than 0.5 the deviation is less than
one order of magnitude. The corresponding intrinsic water perme-
abilities are reported in Table 5; the scatter is very important.
(COV=100%). The estimation procedure does not appear to be fully
satisfactory.

In a second approach, the pore-interaction factor pwas considered
as an unknown value and was then identified together with the
intrinsic permeability K. The fitted evolutions are depicted on Fig. 8: in
this case (unlike the first approach, Fig. 7) the van Genuchten model
(solid lines) and the experimental results (open circles) show an
almost perfect match.

The resulting pore-interaction factor values p are all negative
(from−4.0 to−1.5, see Table 5) with an average value equal to−2.6.
They are far different from the default value proposed by Mualem
(+0.5), the one obtained by Leech et al. [24] (−0.5) and Monlouis-
Bonnaire et al. [27] (+5.5): it is believed by the authors that this is an
illustration of the variability already observed in soil science. Applying
no restriction on the pore-interaction factor p led to a better fit of the
effective permeability (than the one obtained using p=+0.5). This
also resulted in slightly less variability in the intrinsic permeability
evaluation (Table 5): the COV is high (84%) but is less than the one
obtained (100%) in the first approach (using p=+0.5). The values
obtained spread between 1.3e−21 and 34.8e−21 m2 with an average
value equal to 10.9e−21 m2. Compared to literature the latter appears
to be high: lying between the low-strength and the normal-strength
concretes studied by Baroghel-Bouny et al. [5] (Table 6). Yet
comparing the effective permeability evolutions (Fig. 9) acquired in



Table 6
van Genuchten parameters and intrinsic water permeability of three concretes studied
by Baroghel-Bouny et al. [5].

Concrete w/c P0 (MPa) n m K (×1e−21 m2)

Low-strength concrete (LSC) 0.84 13.1 1.78 0.437 45.00
Normal-strength concrete (NSC) 0.49 35.4 1.89 0.417 3.40
High-strength concrete (HSC) 0.27 106.6 2.78 0.640 0.16
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this study to the ones obtained by Thiery et al. [34] by inverse analysis
of sample mass loss, one can see that there is a strong decrease for
high saturation (one order of magnitude between 1 and 0.99). Except
at saturation, the effective permeability presents values very similar
to the normal-strength and the high-strength concretes. In fact the
sharp decrease near saturation is due to the low value of m (between
0.176 and 0.320) [38].

6. Discussion: the pore-interaction factor

From the results obtained above, it appears clearly that the pore-
interaction factor p is a material-dependent value which can greatly
differ from the universal value usually used (p=+0.5) to describe
water transport within cementitious materials. One can wonder: can
this difference have an influence on the water permeability
evaluation? To answer this question the permeability to water was
estimated independently on all the five different RH steps (Table 1
and Fig. 1) using the universal value of the pore-interaction factor
(p=+0.5 as proposed by Mualem [28] and used by Savage and
Janssen [30]). In practice, the van Genuchten's equation (Eq. 11
together with p=+0.5) was used to fit the experimental effective
permeability (Fig. 6) on each RH step. When the results were not
available (that is to say at high RH) the results of the second approach
were used (in this second approach the pore-interaction factor was
fitted in the same time as the van Genuchten's parameters this
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Fig. 8. Assessment of the effective water permeability using the closed-form equation
proposed by van Genuchten [37]: the pore-interaction factor p was also fitted for each
sample.
resulted in an almost perfect fit; Fig. 8). The values obtained were
compared by computing for each sample the ratio RK:

RK =
Ki

K
; ð15Þ

where Ki is the permeability obtained on the RH step iwhereas K is the
permeability best-estimate on all the RH steps (second approach of
Table 5). Fig. 10 depicts the evolution of the ratio RK (for each RH step
and for each sample) as a function of the absolute value of the
difference between the fitted pore-interaction factor p and the
universal value (+0.5).

It can be seen that whatever the RH step, the ratio RK increases
when the difference abs(p−0.5) increases. This means that the error
made in the permeability evaluation increases with the difference
between p and+0.5. In addition the ratio RK is also found to vary with
the RH step: the lower the RH, the higher the ratio RK. This is due to
the fact that in the fitting process, the van Genuchten equation is
forced to match only a certain portion of the curve and part of the
deviation observed in Fig. 7 is directly transferred to the permeability
value. Note that when the fitting is done near saturation (between
100% and 93%) the ratio value is very low (less than 2) indicating that
the estimated permeability is less than twice the real value. In this
case the error is negligible. Yet when the fitting process is carried out
for low RHs, the ratio can reach up to 100: in this case there are two
orders of magnitude between the estimated permeability and the real
value: the error is not negligible any more.

Analyzing the results, it appears that the pore-interaction was not
correlated to the permeability (K), total porosity (ϕ) or the van
Genuchten's pressure (P0). Nevertheless comparing thepore-interaction
factor p to the van Genuchten's parameter m, a general trend could be
observed: that is to say p increases with m. This trend is illustrated in
Fig. 11 inwhich are also reported the results obtainedby Leech et al. [24]
(using threedifferent concretes) and the results obtainedbyWöstenand
van Genuchten [40] (using 20 different soils). One can see that all the
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Fig. 9. Comparison of the effective permeability between the present study and
literature.
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results seem to describe a similar trend in spite of the difference of
materials considered (concretes and soils). The function used here to
describe this trend is (the determination coefficient is R2=0.902):

p = 4:991Ln mð Þ + 4:744: ð16Þ

It can be noted that for this logarithmic function the default value
p=0.5 is obtained for m=0.40–0.45 which is the value commonly
used for concretes (since it was found to correspond to an ordinary
concrete [3–5,34]. Of course the existence of this trend must be
apprehended with great caution: the amount of data on cementitious
materials is clearly not enough and would be profitably complemen-
ted with other results. Moreover in soil science where large datasets
are available, the absence of correlation between the pore-interaction
factor and the van Genuchten's parameters was already reported (for
instance by Schuh and Cline [31]).

7. Conclusion

The durability of concrete structures is greatly related to water
transport; the first objective of this study was then to determine
experimentally all the data needed for a good description of water
transport within a concrete taken from an old real structure. The
experiment consisted in drying concrete samples (at constant
temperature but decreasing RHs) and measuring the weight loss
evolution. The experiment was conducted in a dynamic way: the
samples were not at equilibrium at the end of each RH step. This
allowed the experiment not to exceed two years. The weight loss at
equilibrium (desorption isotherm) as well as the water transport
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Fig. 11. Tentative of correlation between the van Genuchten's exponent m and the
pore-interaction factor p: the open circles correspond to the results obtained in this
study; the triangles correspond to three concretes from Leech et al. [24] and the plus
marks correspond to 20 different soils from Wösten and van Genuchten [40].
properties (diffusivity and permeability) was estimated on the basis
of the weight loss evolution versus time through inverse analysis. All
the properties obtained show an important scatter.

Once obtained, the water transport properties were used to check
the ability of the Mualem–van Genuchten equations to predict the
evolution of the water relative permeability. In our study, using the
universal pore-interaction factor (p=+0.5) led to large differences
between the real and the theoretical relative permeabilities. Consid-
ering the pore-interaction factor as a parameter to be fitted as well as
the intrinsic permeability led to an almost perfect fit of the
experimental permeability evolutions. The resulting pore-interaction
factor values were all negative. The difference between the universal
and the real pore-interaction factor values is believed to potentially
induce errors in the permeability evaluation process (inverse analysis
of sample weight loss) which can reach two orders of magnitude
(depending on the fitting process). One has then to be very careful
with the choice of an experimental procedure to fit the permeability.

Comparing the pore-interaction factor obtained in this study to
other results (concretes and soils), a general trend seems to arise: the
pore-interaction factor increaseswith the van Genuchten exponentm.
This trend could be efficiently described using a logarithmic evolution.
Additional studies would be necessary to validate this result.
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